ABSTRACT: Skutterudites based on CoSb 3 have high thermoelectric efficiency, but the low fracture strength is a serious consideration for commercial applications. To understand the origin of the brittleness in CoSb 3 , we examine the response along various shear and tensile deformations using density functional theory. We find that the Co−Sb bond dominates the ideal strength. Among all the shear and tensile deformation paths, shearing along the (001)/⟨100⟩ slip system has the lowest ideal strength, indicating it is the most likely slip system to be activated under pressure. We also find that, because the Sb−Sb covalent bond is softer than the Co−Sb bond, the Sb-rings are less rigid than the Co−Sb frameworks, which leads to the Sb-rings softening before the Co−Sb frameworks. Further deformation leads to deconstruction of Sb-rings and collapse of Co−Sb frameworks, resulting in structural failure. Moreover, we find that filling of the CoSb 3 void spaces with such typical fillers as Na, Ba, or Yb has little effect on the ideal strength and failure mode, which can be understood because they have little effect on the Sb-rings.
INTRODUCTION
Thermoelectric (TE) power generation devices are already important for such applications as powering space crafts for deep-space missions. Now, because they can directly convert heat into electricity with high reliability and no moving parts, they are being considered for recovery of automobile exhaust heat. 1 High efficiency of thermal-to-electrical energy conversion is necessary to advance such applications of thermoelectrics. 2−5 n-Type filled skutterudite based on CoSb 3 is recognized as one of the most promising TE materials since it has an excellent TE figure of merit (zT > 1). 6−10 However, engineering applications of CoSb 3 presents challenges. For example, the thermal expansion difference between the CoSb 3 TE material and the metal joints can easily result in significant thermo-mechanical stresses, leading to cracks close to the interface between the CoSb 3 and the joint metals. 11−13 Consequently, mechanical strength and toughness are of vital importance for the engineering applications of the skutterudite CoSb 3 material.
Because of its importance for engineering applications, the mechanical properties of CoSb 3 have been examined recently.
14−20 Rogl and Rogl reported experimental mechanical properties of doped skutterudite CoSb 3 such as elastic moduli, fracture toughness, and failure stress.
14 They showed that CoSb 3 has mechanical properties competitive with other TE materials. Ravi et al. focused on describing the elastic moduli, flexural strengths, and fracture toughness of advanced skutterudites materials. 15 Ruan et al. studied the low-cycle stress-controlled fatigue properties of CoSb 3 -based skutterudite compounds in compression−compression fatigue. 16 Schmidt et al. reported temperature-dependent Young's modulus, shear modulus, and Poisson's ratio of p-type Ce 0.9 Fe 3.5 Co 0.5 Sb 12 and n-type Co 0.95 Pd 0.05 Te 0.05 Sb 3 skutterudite thermoelectric materials and found that the Young's and shear moduli decreased linearly with temperature. 17 Yang et al. used molecular dynamics simulations (Force field) to examine the stress− strain relationships of CoSb 3 and found it to be a typical brittle material. 18 Li et al. studied the tensile/compressive mechanical behavior of nanoporous skutterudite CoSb 3 thermoelectric material using molecular dynamics and found that elastic modulus of single crystalline CoSb 3 decreased with the increasing porosity. 19, 20 However, the mechanism for brittle failure and the intrinsic mechanical properties of CoSb 3 remain unknown.
In order to determine the mechanism for brittle fracture in CoSb 3 , we used density functional theory (DFT) at the Perdew−Burke−Ernzerhof (PBE) functional level to predict the tensile and shear deformation properties of single crystal CoSb 3 . Here, we deformed along various lattice orientations until failure to shed lights on the intrinsic failure mechanism at the atomic scale. We found that the lowest ideal strength for CoSb 3 is along the (001)/⟨100⟩ slip system. This is because this leads to the smallest stretching of Co−Sb bond compared with other deformation systems. Due to the softer Sb−Sb covalent bond compared with Co−Sb bond, the rigidity of Sbrings is weaker than that of Co−Sb frameworks, leading to softening of the Sb-rings before the Co−Sb frameworks. Further external deformation reveals that deconstruction of the Sb-rings and collapse of the Co−Sb frameworks result in structural failure. To examine the effects on the mechanics from filling, we added Na, Ba, and Yb atoms into the intrinsic cages of CoSb 3 but found no obvious effect on the ideal strength and failure mode of CoSb 3 .
METHODOLOGY
Skutterudite CoSb 3 has the body centered cubic structure belonging to the Im3 (204) space group. Figure 1 shows the unit cell shifted by onequarter distance along the body diagonal. It contains 8 Co atoms occupying the 8c-sites and 24 Sb atoms occupying the 24g-sites. 21 The Co atoms form a simple cubic framework within which 4 Sb atoms are arranged into a planar rectangular ring. There are 6 such rings in the unit cell, but two of the eight Co cubes are empty, giving rise to two cages (voids).
All density functional theory (DFT) calculations were carried out using the Perdew−Burke−Ernzerhof (PBE) exchange-correlation functional with the projector augmented wave (PAW) method used to account for the core−valence interactions, and the Vienna ab initio Simulation Package (VASP) was used for all the calculations. 22−27 The convergence test showed that a plane wave cutoff energy of 500 eV gives good convergence for the total energies. A 7 × 7 × 7 Monkhorst−Pack uniform k-point reciprocal space sampling was adopted, and the convergence criteria were set to 1 × 10 −6 eV energy difference for solving the electronic wave function and 1 × 10 −2 eV/Å force for geometry optimization. Various DFT methods generally predict lattice parameters within a few percent of the experimental lattice parameters; our optimized lattice constant is a = 9.115 Å which is only 0.85% larger than the experimental value of 9.039 Å. 28 Our value using the PBE pseudopotential is consistent with the previous theoretical value of 9.14 Å using PBE. 29−31 We achieved quasi-static mechanical loading of CoSb 3 by imposing the uniaxial tensile strain or shear strain on a particular direction while allowing structural relaxation along the other five strain components. The residual stresses for relaxation of these five strain directions are all less than 0.5 GPa.
To obtain stress−strain curves, a small uniaxial tensile or shear strain was applied sequentially to the supercell configuration relaxed in the previous step. We predefined a 1% level of strain as the small strain increment for each deformation step. At each deformation step, only the gamma k-point was sampled in the Brillouin zone for the supercells. The stress is defined as the force per deformed area, and the strain is defined as the true strain. This stress−strain curve was used to obtain the ideal shear and tensile strengths and to determine the fracture modes responsible for failure in CoSb 3 . This relaxation method has been proved to be an effective tool to shed light on the intrinsic failure mechanism at the atomic scale. 22−24 We considered three slip systems for the shear simulations:
• (001)/⟨100⟩ with (a, b, c) along (⟨100⟩, ⟨010⟩, ⟨001⟩) using a supercell containing 128 atoms • (001)/⟨110⟩ with (a, b, c) along (⟨110⟩, ⟨1̅ 10⟩, ⟨001⟩) using a supercell containing 128 atoms • (111)/⟨11̅ 0⟩ with (a, b, c) along (⟨11̅ 0⟩, ⟨112̅ ⟩, ⟨111⟩) using a supercell containing 192 atoms For tensile simulations, the deformation direction was along the a direction. Here, we obtained:
• We calculated the elastic mechanical parameters to validate our methodology. The elastic constants (C 11 , C 12 , C 44 ) were computed from stress−strain relationship as a function of various cell distortions δ from optimized structure. The Voigt-Reuss-Hill method was used to calculate the bulk modulus (B), shear modulus (G), Young's modulus (E), and poisson's ratio (v). 32 The predicted elastic mechanical properties (C 11 , C 12 , C 44 , B, G, E, v) are listed in Table 1 , which are consistent with experiments and previous ab initio results. 14, 15, 30, 33, 34 The small discrepancy of predicted results derives from the different convergence setup in VASP calculation.
3.2. Ideal Strength of CoSb 3 . Figure 2 shows the shear and tensile stress responses as a function of applied strain, and Table 2 lists the corresponding mechanical qualities. Shearing along the (001)/⟨100⟩ slip system shows the lowest shear strength of 7.17 GPa with a failure strain of 0.288, which is most likely to be activated under pressure. Tension along the [11̅ 0] direction shows the lowest tensile strength of 12.9 GPa with a failure strain of 0.184. All stresses increase with increasing strain until the ideal strength, indicating that the structure is strongly resistant to the deformations. Beyond the point of maximum stress, the curve generally decreases monotonically, suggesting bond softening in the system, which corresponds to a "yielding" process. Then, at some point, the stress drops suddenly, indicating that the softening bond can no longer resist the external deformation, leading to bond failure and structural collapse. 3.3. Atomistic Explanation on Brittle Failure of CoSb 3 . 3.3.1. Shear Failure Mode. In order to understand the origin of the brittleness in CoSb 3 , it is essential to understand the structural failure modes under various loading conditions. Figure 3 displays the atomic positions for shearing along the (100)/⟨001⟩ slip system. It also shows the isosurface (at the value of 0.70) of the electron localization function (ELF), which analyzes the covalent bonding and lone pair formation. 35, 36 As the applied strain increases to 0.221, all bonds stretch continuously, and the ELF shows that the Sb1− Sb2 and Sb3−Sb4 covalent bonds still share pairs of electrons. There is no bond breaking at this stage, and the structure (Sbrings and Co−Sb frameworks) uniformly resists the shear deformation, resulting in the monotonous increase of stress. As the strain increases further to 0.277, the structure deforms further while the ELFs in the Sb1−Sb2 and Sb3−Sb4 bonds gradually move to the Sb atoms. This shows that the bonding electrons move toward the Sb atoms, suggesting that these bonds and Sb-rings are softening. Consequently, the stress decreases gradually with increasing strain. At strain of 0.288, the stress drops abruptly while the Sb1−Sb2 and Sb3−Sb4 bonds break, leading to deconstruction of the Sb-rings and structural failure. Similarly, the failure modes along the (001)/⟨110⟩ and (111)/⟨11̅ 0⟩ slip systems also indicate that the deconstruction of Sb-rings and the collapse of Co−Sb frameworks lead to the structural failure. The detailed analyses are shown in Figures S1−S4.
To better understand the nature of the failure process for shearing along the (100)/⟨001⟩ slip system, the average bond lengths (Sb1−Sb2, Sb3−Sb4, and Co1−Sb2 bonds marked in Figure 3 ) are shown in Figure 4 . As the strain increases to 0.221, all bonds increase slowly. With further increased strain, the Sb1−Sb2 and Sb3−Sb4 bonds stretch rapidly, indicating softening of the Sb-rings. However, the Co1−Sb2 bond is slightly stretched, indicating that the rigidity of the Co−Sb framework does not weaken much. At the failure strain of 0.288, we find that the Sb1−Sb2 and Sb3−Sb4 bond lengths increase steeply, suggesting breaking of the Sb-rings. However, the Co1−Sb2 bond length decreases only a little, indicating that the Co−Sb frameworks remain stable. The bond length Figures 5 and 6 show the structures and average bond lengths as a function of [100] tension. The structure expands continuously along the [100] direction while shrinking along the other two directions (Poisson ratio of 0.223) until failure. At 0.173 strain, the Sb1−Sb2 bond has softened, which is shown clearly from the separated ELF in the Sb1−Sb2 bond, indicating that the rigidity of the Sb-rings has started to soften, even though they maintain the ideal rectangular shape. As the strain increases to 0.220, the Sb3−Sb4 bond softens, indicating additional Sb-ring softening. At 0.232 strain, the Sb3−Sb4 and Co1−Sb5 bonds break, leading to deconstruction of the Sb-rings and collapse of Co− Sb frameworks and stress relaxation.
The failure modes along [11̅ 0] and [111] tension systems shown in Figures S5−S8 also indicate that the breaking of Sbrings and Co−Sb frameworks result in the structural failure. In Figure 6 , the Sb1−Sb2 and Sb3−Sb4 bonds stretch slowly until a strain of 0.172. Then, the bond distance extension rate increases gradually, leading to softening of Sb-rings until bond failure. We observe that Co1−Sb5 bond deforms uniformly before the failure, with an increase in length by 17.00%, illustrating that the Co−Sb framework always maintains strong rigidity until failure. The Sb1−Sb2 and Sb3−Sb4 bond lengths change from 3.03 to 3.65 Å and from 2.90 to 3.47 Å, with an increase of 20.46% and 19.66% respectively. The Co1−Sb5 bond length changes from 2.53 to 2.96 Å, with an increase of 17.00%.
Structural Effects on the Ideal Strength.
It is wellknown that the ideal strength plays an important role in determining the reliability of brittle materials. 23, 24 The ideal strength reflects the structural resistance limitation on external deformation. The deformations of Sb-rings and Co−Sb frameworks are indicated by the Sb−Sb and Co−Sb bond lengths, respectively. Table 3 lists the critical bond lengths in CoSb 3 at the strain corresponding to the ideal strength under shear and tensile loadings. We find that the deformation of the Co−Sb bond is closely related to the ideal strength. For example, along the (001)/⟨100⟩ slip system, the Co−Sb bond has the smallest deformation (2.53−2.58 Å) compared with other loading systems, and the system has the lowest ideal strength (7.17 GPa). Along [100] and [111] tension systems, the Co−Sb bond has the largest deformations (2.53−2.86 and 2.53−2.93 Å), and systems have the highest ideal strength (15.01 and 14.11 GPa). This indicates that Co−Sb bond deformation is important to the ideal strength. In other words, the rigidity of Co−Sb frameworks is much stronger than that of the Sb-rings. This is consistent with the force constant of the Co−Sb bond being larger than that of the long Sb−Sb bond. 37 More importantly, there are twice as many Co−Sb bonds as Sb−Sb bonds in CoSb 3 (48 Co−Sb bonds and 24 Sb−Sb bonds per unit cell), which further indicates that the Co−Sb bond is responsible for the ideal strength. However, when the Co−Sb bonds are deformed significantly, the Sb−Sb bonds In order to investigate quantitatively the structural effect on the ideal strength, we propose the "maximum structural resistance (Δ)" to evaluate structural resistance limitation on external deformation. The Δ is defined in the following equation, where i represents the bond type in the system, k i is the force constant of the i bond, n i is the weight of the i bond, L i is the i bond length at the strain that corresponds to the ideal strength, and L 0 i is the i bond length at the equilibrium state (no strain).
Chemistry of Materials
For CoSb 3 , the i bond corresponds to the Co−Sb bond, the long Sb−Sb bond, and the short Sb−Sb bond, respectively. The bond force constant k i is chosen from ref 37. The bond weight n i is determined by the number of i bonds. Since there are 48 Co−Sb, 12 long Sb−Sb, and 12 short Sb−Sb bonds in the unit cell, n Co−Sb = 4, n long Sb−Sb = 1, and n short Sb−Sb = 1. L i and L 0 i are listed in Table 3 . Figure 7 plots the relationship between predicted shear or tensile ideal strength and corresponding maximum structural resistance Δ. This shows clearly the correlation of the ideal strength with Δ. Shearing along the (001)/⟨100⟩ slip system has the smallest Δvalue (2.88), representing the weakest resistance on external deformation and leading to the lowest ideal strength. The calculated kn (28.2) of the Co−Sb bond is much larger than that of the short Sb−Sb bond (7.7) and the long Sb−Sb bond (5.4), suggesting that the Co−Sb bond contributes 4 or 5 times more in determining Δ compared with Sb−Sb bonds. This verifies our conclusion that the Co−Sb bond deformation dominates the ideal strength.
3.5. Effect on Mechanics of CoSb 3 by Filling. Here, we used the single crystal to examine the intrinsic brittle failure mechanism of CoSb 3 . For the polycrystal in which grain boundaries are important for failure, we expect that the initial failure mechanism at the grain boundary region is related to that of the single crystal. 38 To enhance the mechanical strength, we suggest that the Sb-ring structures be stabilized. Filling the intrinsic cages with impurity atoms such as rare earth elements (Yb, La, Ce, and Eu), alkaline earth elements (Ba, Ca, and Sr), and other elements (Na, K, and In) has been confirmed to increase the zT value of CoSb 3 .
6,9,39−47 Herein, we examine the influence of a single-filling atom (Na, Ba, or Yb) on the mechanical behavior of CoSb 3 . We choose the most plausible slip system, (100)/⟨001⟩. . Figure 8 plots the stress−strain responses of filled CoSb 3 under (001)/⟨100⟩ shear loading. Figures 9−11 show the atomic configuration of filled CoSb 3 (Na, Ba, and Yb), respectively. This shows clearly that there is no obvious effect Table  4 shows that the change in the critical Co−Sb and Sb−Sb bond lengths from no strain to the strain corresponding to the ideal strength are nearly the same for all three cases, leading to nearly the same maximum structural resistance Δ (∼2.88). This explains why they have the same ideal strength. Compared with filled CoSb 3 , it seems that the stress in unfilled CoSb 3 increases smoothly to the ideal strength and then decreases gradually until failure, suggesting a "yielding" feature, which is due to structural integrity which uniformly resists the external shear deformation in unfilled CoSb 3 . Filling atoms into the intrinsic cage changes the structural symmetry. Even though the change is very small, it still breaks the high consistency of structural integrity in resisting the shear deformation at large strains. Thus, the "yielding" stage disappeared in unfilled CoSb 3 .
Compared with the failure mode of unfilled CoSb 3 , we find that the location of Sb−Sb bond failure changes, as shown in Figures 3 and 9−11. The Ba−Sb, Na−Sb, and Yb−Sb bond lengths are 3.47, 3.42, and 3.43 Å, respectively. Such long bonds indicate that the A−Sb bond (A = Ba, Na, and Yb) between A filler and Sb-rings must be a weak covalent bond in filled CoSb 3 . However, the weak interaction between the doped atom and Sb atoms slightly enhances the structural rigidity of Sbrings, leading to breaking of the unfilled Sb-rings, as shown in Figures 9−11 . Due to the filling limitation in CoSb 3 , 49 it is difficult to enhance the rigidity of all the Sb-rings. On the other hand, the weak A−Sb bond (A = filled atom) has little effect on Sb-rings. Thus, filler atoms have little influence on the fracture strength of CoSb 3 .
CONCLUSIONS
We used density functional theory to study the intrinsic mechanical behavior of CoSb 3 under various shear and tensile loading conditions with the focus on the nature of the brittleness. Among all shear and tensile systems, CoSb 3 has the lowest ideal strength (7.17 GPa) under (001)/⟨100⟩ shear load, which we attribute to the Co−Sb bond deformation. The Sbrings are always easier to soften than the Co−Sb frameworks because of the softer Sb−Sb bond. We find that the deconstruction of Sb-rings and the collapse of Co−Sb frameworks result in structural failure. Filling atoms (Na, Ba, and Yb) into the intrinsic cages of CoSb 3 has no obvious effect on the failure mechanism of CoSb 3 because the atom filler has little effect on the Sb-rings. 
